To evaluate the variations of capillary ealibers and those of basal lamina (BL), pericytes, endothelium, and lumen within a sample of skeletal muscle and among samples from different anatomic sites, areas occupied by total capillary cross sections, by the lumen, endothelium, pericytes, and BL were measured on electron micrographs. Twenty capillary cross sections from each of the 41 specimens of skeletal muscle from 23 nondiabetic males were used.
"basement lamina" and "basement membrane." Edothelium Regional variation diabetes mellitus. '5-18 The endothelium increases in volume following a variety of injurious stimuli.4 11, 14, 19 In retinal vessels of patients with diabetes mellitus, the endothelium, as well as pericytes, degenerates and disappears.20 ' Although these changes can be generally recognized and graded, particularly when present in extremes, it is desirable to measure the structures which comprise the capillaries in an objective way so that changes of lesser magnitude can be separated from variations of normal capillary architecture.
To this end, we applied a previously described measuring technic22 to skeletal muscle capillaries of men with the following specific objectives: (1) to determine, within a tissue specimen, the ranges of variation in capillary size, endothelial cytoplasm, pericyte cytoplasm, lumen, and BL; (2) these variations among specimens obtained from eight different body sites; (3) to establish a base line for a similar study of capillaries from patients with overt and those with chemical diabetes mellitus. The findings from 820 capillaries contained in 41 specimens of skeletal muscle are reported here. The 23 patients had no evidence of myxedema, polymyositis, or mitral stenosis. The presence of overt and chemical diabetes mellitus was ruled out in all patients.
Methods
Forty-one specimens of skeletal muscle were obtained from 23 male patients who were hospitalized for a variety of conditions (table 1) . In 15 instances, the tissues were obtained fresh at the time of surgery (specimen nos. 6 through 43, 61, and 62, table 1); the remaining 26 specimens were obtained at the time of autopsy from eight bodies. In a preliminary study, periodic sampling of muscles from two amputated legs was carried out to explore possible postmortem volume changes of capillary wall structures using the technics described below. The results obtained at 48 hr were not different from those obtained from tissues fixed immediately following the surgical removal of the legs.
The biopsies and the autopsy specimens were taken from the following eight levels of the body: (1) hand (muscles of the hypothenar eminence); (2) chest (central part of pectoralis major); (3) mid-abdomen (rectus abdominis at the level of the umbilicus); (4) distal abdomen (internal or external oblique, adjacent to the inguinal canal); (5) proximal thigh (proximal end of sartorius); (6) mid-thigh (middle anterior part of rectus femoris); (7) mid-lower leg (middle anterior part of the tibialis anterior); and (8) foot (lateral plantar muscles). Table 1 indicates the sites from which the specimens were obtained as well as pertinent clinical information. The mean age of patients was 60.3 years + 11.8 SD, with the range from 36 to 76 years. All patients had normal fasting and normal plasma glucose levels 2 hr after oral carbohydrate loading with 100 g of glucose in orange juice. The expired individuals had glucose determinations prior to as well as during their terminal illness. Three patients gave a family history of diabetes mellitus. Four patients had proteinuria between 10 and 20 mg/100 ml. All were normotensive, and eight had clinically symptomatic arteriosclerosis.
All tissues were minced within 1 min of their removal. A total of 15 samples, about 1 mm3 each, was taken from three different sites of each 287 VRACKO specimen and immersed in chilled 2% osmium tetroxide in 0.1 M s-collidine buffer at pH 7.48.
After 1 hr of fixation in an ice bath, the tissues were postfixed in 10% neutral formalin for 1 hr, dehydrated in ethyl alcohol, and embedded in Epon 812 via propylene oxide. For thin sectioning, three blocks showing cross sections of skeletal muscle fibers on thick sections were selected from each specimen. Multiple thin sections were stained with 3.5% aqueous uranyl acetate and with Millonig's lead tartrate stain. 23 Electron micrographs were taken of all capillaries which were found in the sections of 3 blocks and which projected at an original magnification of 580 times within the fluorescent screen area delineated by the 31%4 by 4 inch mask. For each group of pictures taken during any one sitting, the exact magnification was determined with a grating replica. Twenty to 40 pictures of small vessels were obtained per specimen, from which 20 were selected for measurement. Preference was given to pictures of superior technical quality and to those showing the closest approximation to circular configuration of the capillary. No attempt was made to distinguish arterial from venous capillaries.
With a polar planimeter, the following areas were measured from each capillary cross section: (1) the area of the entire capillary cross section delineated by the outer margin of BL, (2) the area encircled by the outer limiting membrane of the endothelium, (3) the area of the lumen, (4) areas of pericytes, (5) areas of endothelial nuclei, and (6) areas of pericyte nuclei.
Converted into square microns, these measurements were used for calculation of absolute areas occupied by the BL, by the endothelial cytoplasm, and by the cytoplasm of pericytes. The sum of these areas was used to calculate the relative investments of BL, endothelial, and pericyte cytoplasms in the capillary wall expressed as percentage of capillary wall area covered by these respective structures.
Mean and standard deviations were calculated for the following parameters for each specimen:
(1) area of capillary cross section in /t2, (2) area of lumen in L2, (3) percentage of total capillary cross section occupied by the lumen, (4) area of endothelial cytoplasm in C2, (5) percentage of capillary wall area occupied by endothelial cytoplasm, (6) area of pericyte cytoplasm in /J2, (7) percentage of capillary wall area occupied by pericyte cytoplasm, (8) area of BL in ,,2, and (9) percentage of capillary wall area occupied by BL. For each of these parameters, mean and standard deviations were also determined for all specimens from the same anatomic location (table 2) .
The reproducibility of the measuring and sampling technics was explored in two ways:
1. The areas comprising the capillary cross sections were remeasured on half of the electron micrographs. The second set of measurements fell within 99.8% + 3.2 (SD) of the first set for areas larger than 10 cm (corresponding to 4.6/12) and within 99.7% + 15.0 (SD) for smaller areas. 2. From six randomly selected specimens, three additional tissue blocks per specimen were sectioned and stained, and second sets of 20 capillary micrographs were prepared from each of the six specimens. The various capillary areas were measured with the planimeter, using the same technics as the initial ones; and after the appropriate computations, the values for the absolute and relative areas were compared statistically (t-test) with the respective absolute and relative area values obtained from the initial sets of electron micrographs. The results for the absolute and relative values of BL are shown in table 2.
Results
The results for all specimens are summarized in table 3. For each specimen and each parameter, the mean + SD are shown, representing 20 capillaries per specimen. Also shown are the respective means + sD of all 
Areas of Capillary Cross Sections
Areas occupied by total capillary cross sections vary from 5,2 to 110,2, with a mean of 37.9,u2 + 18.5 SD. The means for areas of individual specimens range from 24.8,2 ± 13.7 SD to 65.8/L2 + 16.5 SD with the higher values occurring predominantly in the lower leg and foot. The differences among the eight body levels are statistically significant (F = 3.91, d.f. = 7/819, 0.01 > P > 0.001), when tested with analysis of variance.
Areas of Lumen
The areas occupied by the lumen vary from 0 for completely closed capillaries to 106,u2 for widely open, large capillaries. The overall mean is 15.5,-2 + 11.4 SD, while the range for individual specimen means, representing 20 capillaries each, is from 6.9,u2 ± 5.2 SD to 27.4 p2 + 15.1 SD, the lower values occurring predominantly at the mid-thigh and lower leg levels. Analysis of variance between the eight body levels indicates that the differences are statistically significant ( F = 9.83, d.f. = 7/ 819, P < 0.001). As a percentages of total capillary areas, the lumen occupies from 0 to 82.2% around the mean of 40.2% + 19.3 SD. The means for individual specimens range from 13.2% + 11.7 SD to 57.4% + 11.2 SD, the lower values occurring again at the levels of the midthigh and lower leg. The differences among the sites are statistically significant (F = 23.44, d.f. = 7/819, P < 0.001).
Areas of Endothelial Cytoplasm
The areas of endothelial cytoplasm range from L.,u2 to 47.8,u2, with a mean of 10.2p2 ± 5.9 SD. The means for individual specimens range from 6.0,2 + 1.8 SD to 20.9 ±u2 + 7.7 SD, the capillaries of the leg and particularly of the foot having a greater investment of endothelial cytoplasm. Statisti-caIly, the differences among the eight body levels are significant (F = 6.95, d.f. = 7/819, P <0.001). As percentages of capillary wall areas, the endothelial areas range from 17.4% to 83.7%, with a mean of 53.4 + 11.2 SD. The means for individual specimens range from Cgvcxation, Volume XLI, February 1970 36.4% + 8.1 SD to 63.0% + 8.6 SD. The differences between body levels are statistically significant (F = 12.74, d.f. = 7/819, P < 0.001).
Areas of Pericyte Cytoplasm
The areas occupied by pericyte cytoplasm range from OU2 to 27.2,u2, with a mean of 2.3p2 ± 2.8 SD. The means for 20 capillaries per specimen range from 1.1,u2 + 0.8 SD to 8.8,u2 + 4.5 SD, the larger values occurring predominantly in the leg. The differences between the body levels are statistically significant (F = 4.54, d.f. = 7/819, P < 0.001).
As percentages of total capillary wall areas, the pericyte cytoplasm ranges between 0% to 48.5% with a mean of 10.7% + 8.3 SD, while the means for the individual specimens range from 6.3% ± 4.7 to 18.5% + 9.4 SD. The differences between body levels are statistically not significant (F = 1.67, d.f. = 7/819, P < 0.2).
Areas of Basal Lamina
The areas covered by the BL vary between 0.6 p2 and 33.Ou2, with an overall mean of 6.9,2 ± 4.5 SD. The means for individual specimens range from 3.4,2 ± 1.2 to 19.8p,2 + 6.8 SD. The highest values are present at the levels of mid-thigh, lower leg, and foot; the differences between the various body levels are statistically significant (F = 36.42, d.f.= 7/ 819, P < 0.001). As percentages of capillary wall areas, the BL areas range from 3.4% to 72.2%, with an overall mean of 35.9% ± 9.3 SD. The range of means of individual specimens is 27.3% ± 7.1 to 56.3% + 8.6 SD. The capillaries of the lower extremity muscles have, on the average, relatively more BL than the capillaries of the trunk and hand. The differences are again statistically significant (F = 18.33, d.f. = 7/819, P <0.001).
Discussion
The need for an accurate mensuration of cellular and extracellular components of capillaries has been recognized since it became apparent that they undergo quantitative changes in a variety of conditions.411 1&17317921 While the greatest effort has been devoted to measuring BL because of its apparent increase in the presence of diabetes melli- the BL occupies from 17% + 6 to 34% + 15 SD with an overall mean of 23%. Siperstein and associates18 examined the midportion of the gastrocnemius muscle from 47 patients (age range, 19 to 62 years) who did not have diabetes mellitus and established the mean BL width at 1,083 A 13.1 SE. Bencos-me28 measured the width of BL from calf CD and trunk muscles of 19 patients between the ages of 7 and 88 years and arrived at values ranging from 1,000 A to 6,000 A. Finally, we22 reported the amounts of BL, endothelium, pericytes, lumen, and overall capillary sizes from anterior abdominal wall muscles obtained from 13 patients between the ages of 42 and 76 years in terms of areas covered by these structures on capillary cross sections.
It is apparent that the variability of reported values for normal capillary BL width 0 makes the assessment of abnormal changes in BL width a diffcult task. The problem is * compounded by the paucity of systematic C(wculaton, Volume XLI, February 1970 291 VRACKO Figure 1 Adjacent capillaries from specimen 70 (table 1). One capillary is distended with a red blood cell causing thinning of the capillary wall; the other is not distended and therefore has wider investments of endothelium and BL. The areas occupied by endothelium, BL, and pericytes are almost identical in the two vessels (table 4). Reduced slightly from x 11,500. measurements of overall capillary sizes and of the respective absolute and relative values for capillary lumina, endothelium, and pericytes. Absence of this information precludes the interpretation of BL widths in relation to the overall capillary sizes and in situations where capillaries may be predominantly distended or constricted. Finally, insufficient attention has been paid so far to the possibly naturally occurring differences in capillary BL widths of skeletal muscle capillaries among various anatomic sites of the body.
We measured from cross sections of skeletal muscle capillaries which were obtained from eight sites of the body tfie areas occupied by the entire capillary cross sections, by the lumen, the endothelial cytoplasm, and the cytoplasm of pericytes. These respective areas were then evaluated in absolute values (M2) as well as in percentages of total capillary wall areas and in case of lumen as percentages of total areas of capillary cross sections. This method was chosen for several reasons: (1) All the necessary values were obtained with one series of measurements. (2) The various capillary components are evaluated in relation to the overall capillary size or to the capillary wall area, thus avoiding errors which may be caused by capillaries of different calibers. (3) The relative values are not subject to errors due to oblique sections of the capillaries22 and to differences in magnification. (4) The relative values for endothelium, pericytes, and BL are not subject to errors due to dilatation of capillary lumina. Figure 1 illustrates the differences in the width of BL and endothelium caused by variation in the size of lumen. The wall of the larger of the two Circulation. Volume XLI, February 1970 292 SKELETAL MUSCLE CAPILLARIES29 Table 4 Measurements of Small and Large Capillaries in Figure 1 Measurements of capillaries vessels is stretched around an erythrocyte and has, therefore., relatively thin layers of BL and endothelium; the smaller capillary contains plasma, has a folded and thicker endothehal cell, and is surrounded by relatively thick layers of BL and endothelium. While the width of the BL in the small capillary is almost twice that of the large capillary, the respective areas occupied by the entire capillary wall, the endothelium, the, pericytes, and the BL are remarkably similar in absolute and relative terms (table 4 ). It appears, therefore,i that the two capillaries are of approximately equal size, containing at this particular cross section equal amounts of BL, endothelium, and pericytes and that the difference in the widths of the BL and endothelial layers are related to the degree of distention of the lumen. It is not known whether such changes in the caliber of capillaries occur during life or if they represent the end stage of events which take place during dying of tissues and their fixation.
By repeating the sampling and measuring technics on six randomly selected specimens and by comparing the results wit-h those obtained originally from the same six specimens,, it was demonstrated that the methods used in this study provide reproducible results and that 20 capillaries per specimen constitute a representative sample. Cross section of capillary from hypothenar muscles. The capillary wall consists of 53% endothelial cytoplasm, 37% BL, and 11% pericyte cytoplasm. L = lumen, P = pericyte, E = endothelium, BL = basal lamina, M -skeletal muscle cell. Specimen 84; reduced slightly from x 11,500. also exists among individual specimens which originated from single anatomic locations of different individuals as well as among specimens from different anatomic sites of same individuals. In spite of the variation within and between specimens a pattern in relation to body sites became apparent for the various parameters.
Proximal to the thigh, the areas occupied by endothelial cytoplasm, pericyte cytoplasm, and BL exhibit relatively small variations from one site to another. The minor differences among these proximal sites are reflected in the absolute measurements as well as from the values which express the areas of endothelium, pericytes, and BL relative to the total capillary wall areas. In the leg, however, the areas occupied by endothelium increase from proximal to distal sites; yet they decrease when viewed as percentages of capillary wall areas. Similar but less striking relation is apparent for the areas occupied by the pericytes. The areas occupied by BL, on the other hand, increase in both the absolute and relative terms from proximal to distal; it is therefore apparent that leg capillaries have larger absolute and relative investments of BL than capillaries from the trunk and hand muscles.
The increments in BL areas in the capillaries of the leg are thus responsible for the apparent decrease in the relative areas of endothelial cytoplasm.
These considerations corroborate the appearance of capillaries on electron micrographs as well as the data from the specimens which were obtained from same individuals.
Circulation. Volume XLI. February 1970 294 SKELETAL MUSCLE CAPILLARIES Figure 3 Cross section of capillary from anterior tibial muscle. The capillary wall area consists of 40% endothelial cytoplasm, 53%0 BL, and 7% pericyte cytoplasm. Thickened BL is lamellated. Specimen 86 from sane individual as figures 2 and 4; reduced slightly from x 11,500. Figures 2 to 4, which represent capillaries from the same patient, reveal the obvious differences in the investments of BL among three sites of the body, and table 5 lists the mean + SD for the percentages of capillary wall areas occupied by BL for all six bodies from which several samples were taken; the least amount of BL is present in capillaries from the middle and distal parts of the abdomen, while capillaries from the leg muscles, particularly those of the lower leg, have significantly more BL. The differences among the sites are statistically significant for five of the six individuals.
It is apparent from these.observations that the quantitative composition of capillaries differ significantly among different body sites. While this is primarily due to a tendency for more BL in capillaries of the lower extremity, it is also caused by variations in the amounts Circulation. Volume XLI, February 1970 of endothelium and pericytes as well as capillary calibers. The reasons for these regional differences are not understood. At present, the evidence is inadequate to relate them to hydrostatic pressure or to varying degrees of capillary constriction.
